Protease inhibitor 6 (PI-6/SERPINB6) is a widely expressed nucleocytoplasmic serpin. It inhibits granulocyte cathepsin G and neuronal neuropsin, and it is thought to protect cells from death caused by ectopic release or internalization of protease during stress such as infection or cerebral ischemia. To probe the biological functions of PI-6, we generated mice lacking its ortholog (SPI3/Serpinb6). SPI3-deficient mice developed normally and were fertile, and no abnormal pathology or increased sensitivity to cerebral ischemia was observed. There were no perturbations in leukocyte development or numbers, and recruitment of leukocytes to the peritoneal cavity was normal. SPI3-deficient mice were equally susceptible as wild-type mice to systemic Candida albicans infection, although there was a slight decrease in the ability of neutrophils from SPI3-deficient mice to kill C. albicans in vitro. Increased levels of a related inhibitor Serpinb1 (monocyte/neutrophil elastase inhibitor) in the tissues of targeted mice suggests that compensation by other serpins reduces the impact of SPI3 deficiency in these animals and may explain the lack of a more obvious phenotype.
Serine proteases are involved in numerous physiological processes, including coagulation, cell migration, phagocytosis, fibrinolysis, cell-mediated cytotoxicity, and complement fixation. To avoid nonspecific tissue damage, protease activity is often regulated by inhibitors, such as members of the serpin superfamily. Inhibitory serpins bind their target proteases irreversibly, via a conformational change which deforms the protease and stabilizes the serpin-protease complex (20) . Serpin dysfunction or deficiency is the underlying factor in a variety of human diseases, including emphysema, angioedema, thrombosis, and dementia (39, 40) .
Serpins are grouped into different phylogenic clades (21) . In humans, the largest clade (clade B) contains 13 largely intracellular proteins, among which are serine proteinase inhibitors and cysteine proteinase inhibitors (39) . Unlike the plasma or neural serpins, there are no known naturally occurring clade B serpin mutants. This has hindered elucidation of their functions, but proposed physiological roles include the regulation of cell growth and differentiation and cytoprotection (39) . For example, maspin is an antiangiogenic tumor suppressor, megsin is a differentiation factor, PAI-2 protects retinoblastoma protein from degradation (13) , and several clade B serpins (PAI-2, SCCA-1, SCCA-2, bomapin, and hurpin) protect cells from tumor necrosis factor alpha-or UV-induced cell death. So far, PAI-2-deficient mice represent the only clade B serpin knockouts, and these animals show no obvious defects (15) .
A distinct subset of clade B serpins comprises proteinase inhibitor-6 (PI-6), PI-9, and the monocyte/neutrophil elastase inhibitor (MNEI). These inhibitors are encoded by a gene cluster on chromosome 6 (36) , and heterozygous deletion of this region is associated with congenital craniofacial deformity, encephalopathy, and cervical carcinoma (14) . All three are nucleocytoplasmic proteins (3) that inhibit leukocyte serine proteinases, and it has been suggested that they protect both protease-producing leukocytes and bystanders from adventitious proteolysis during normal function or stress (5) . For example, PI-9 inhibits the cytotoxic lymphocyte protease granzyme B. It is present in the nucleocytoplasm of cytotoxic lymphocytes and surrounds granules containing granzyme B, it is up-regulated during degranulation, and it protects cells against granzyme B-mediated apoptosis (4, 18) . A similar cytoprotective role can be envisaged for PI-6 and MNEI, which are also nucleocytoplasmic, are coexpressed in leukocytes, and have overlapping inhibitory profiles.
PI-6 is a potent inhibitor of the monocyte/granulocyte protease cathepsin G, which is stored in azurophilic granules and then released into phagolysosomes or secreted during inflammation. PI-6 is present in epithelial cells, endothelial cells, myeloid cells, and platelets (10, 35, 37) . In neutrophils, it is nucleocytoplasmic and surrounds cathepsin G-containing granules (C. Bird, unpublished observations). It may therefore protect cells from death induced by ectopic cathepsin G, particularly as this protease can activate procaspase 7 (44) . PI-6 also inhibits kallikreins, a family of serine proteinases exemplified by the prostate-specific antigen (PSA). It is coexpressed with kallikreins in the prostate and ovary, and it is found complexed with kallikreins in samples from prostatic tumors (30) . It is also is an inhibitor of neuropsin (kallikrein 8), which is present in the brain and skin (24) . Neuropsin processes extracellular matrix, is important for neuronal plasticity, and is significantly up-regulated in cases of Alzheimer's disease (17, 38) . Coexpression of PI-6 and neuropsin occurs in developing and adult brains (24, 25) , and PI-6 is up-regulated following ischemia (31) , suggesting that it protects against ectopic neuropsin. As exemplified by PSA (9) , kallikreins are stored in cytoplasmic storage vesicles analogous to leukocyte granules, so PI-6 may protect against kallikrein leakage from storage vesicles or from protease that is reinternalized after release.
To probe the physiological functions of PI-6, we generated mice deficient in its ortholog, SPI3. These mice allowed us to examine the effects of the loss of SPI3 in different cells under various types of cellular stress.
phages, and granulocytes). Full blood examinations were performed using a Coulter counter on heparinized blood obtained from retro-orbital bleeding. Differential white blood cell counts were performed on blood smears treated with Giemsa-May-Grunwald stain.
Leukocyte recruitment to the peritoneal cavity induced by sterile peritonitis. Wild-type and SPI3-deficient mice were injected intraperitoneally with 1 ml of 3% sterile thioglycolate broth. Mice were killed 4 or 72 h after injection, and the cells of the peritoneal cavity were harvested with 5 ml of phosphate-buffered saline (PBS) and counted. Flow cytometry with Mac-1 and Gr-1 antibodies to identify elicited cells was performed as described above.
Infection of mice with Candida albicans. An overnight culture of C. albicans (ATCC 10231) was grown in Sabouraud's broth, washed three times with PBS, and counted. Mice were injected intravenously in the tail vein with 100 l of culture containing 2.5 ϫ 10 6 CFU of C. albicans and monitored and weighed daily for 3 weeks. Surviving mice were killed and the kidneys, lungs, liver, and spleen were removed and weighed. Organs were homogenized in 2 ml of PBS, and various dilutions were plated onto Sabouraud's agar plates. Colonies were counted 2 days later, and yeast load was calculated and expressed as CFU per mg of tissue. (B) XbaI-cleaved DNA from wild-type cells (ϩ/ϩ) and recombinant cells (ϩ/Ϫ) was hybridized to the 3Ј probe, which distinguishes the wild-type allele (9.5 kb) from the targeted allele (7.5 kb). (C) To confirm correct integration of the 5Ј arm, DNA from wild-type (ϩ/ϩ) and heterozygous (ϩ/Ϫ) cells was subjected to PCR using primers 461 and 467, which amplify a 4-kb product from the wild-type allele, and primers 462 and 467, which amplify a 4-kb product from the targeted allele. (D) Wild-type (ϩ/ϩ), heterozygous (ϩ/Ϫ), and knockout mice were typed by PCR of tail DNA with primers 152, 688, and 462 simultaneously.
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with modified Hanks' balanced salt solution (16) and counted, and the concentration was adjusted to 5 ϫ 10 8 CFU/ml in modified Hanks' balanced salt solution. The yeast was incubated at 37°C in a shaking incubator for a further 2 h, after which time the yeast was centrifuged at 700 ϫ g for 5 min, and the supernatant was removed and filtered. Culture filtrate from approximately 2 ϫ 10 8 to 3 ϫ 10 8 CFU of C. albicans was injected intraperitoneally into mice in order to elicit neutrophils. Four hours later, the peritoneal cells were harvested and counted, and the concentration was adjusted to 5 ϫ 10 6 cells/ml in complete media (CM) (RPMI containing 5% heat-inactivated fetal calf serum, 20 mM HEPES, 1% glutamine, and 1% sodium pyruvate) (41) . Approximately 1 ϫ 10 6 cells were stained with antibodies for Mac-1 and Gr-1 and analyzed by flow cytometry to assess the elicitation of neutrophils.
In vitro C. albicans killing assay. An overnight culture of C. albicans grown in Sabouraud's broth was washed three times in saline and counted. To determine whether there was a difference in the ability of peritoneal neutrophils to kill either the yeast or hyphal form of C. albicans, the C. albicans blastoconidia were converted to hyphae by incubating 1 ϫ 10 7 CFU of the yeast in RPMI-10% fetal calf serum at 37°C and 5% CO 2 for 2 h (6). Approximately 95% of the yeast converted to the hyphal form under these conditions. The hyphae were harvested by gently scraping them off the dish, centrifuged, and resuspended in CM. Yeast and hyphal forms of the C. albicans at 2 ϫ 10 5 CFU/ml were opsonized by incubating in CM containing 2.5% fresh normal mouse sera at 24°C for 45 to 60 min. Approximately 5 ϫ 10 5 filtrate-enriched neutrophils from the peritonea of wild-type or SPI3-deficient mice were incubated with 2 ϫ 10 4 CFU of C. albicans yeast or hyphae in duplicate in a 96-well plate at 37°C for 2 h. The well contents were harvested, each well was washed with 4 ϫ 200 l of water, and the washes were combined. Various dilutions of the harvested wells were plated onto Sabouraud's agar plates and incubated at 37°C for 48 h, and the colonies were counted. Yeast or hyphae were incubated without peritoneal cells to determine 100% survival. The proportion of surviving C. albicans was calculated as follows: (average number of yeast colonies after exposure to peritoneal cells/average number of yeast colonies alone) ϫ 100.
Induction of focal cerebral ischemia. Induction of stroke by midcerebral artery occlusion was performed as previously described (11) . Briefly, the right proximal common carotid artery was ligated in anesthetized mice, and then a 6-0 nylon monofilament with a heat-blunted tip was introduced into the distal internal carotid artery and advanced 11 to 12 mm distal to the carotid bifurcation. This resulted in the occlusion of the midcerebral artery, where it junctions off the Circle of Willis. Blood flow was monitored via a Perimed PX5010 laser doppler (PERIMED, Järfälla, Sweden). Twenty-four hours after surgery, the mice were killed and the brains were removed into ice-cold PBS and then sectioned coronally into 1-mm slices that were stained with 2% 2,3,5-triphenyltetrazolium chloride monohydrate in order to assess the infarct size. Images of sections were scanned onto an image scanner, and the area of ischemic damage was measured by an analytic imaging system.
RESULTS

SPI3-deficient mice.
To investigate the physiological role of SPI3, we generated mice lacking SPI3 (Fig. 1) . In addition to disrupting exon 2 of the SPI3 gene, the targeting vector fused EGFP in frame with the initiation codon of SPI3 so that EGFP could be used to mark cells that normally express SPI3. Preliminary experiments showed that retention of the neomycin selectable marker gene in the mutated SPI3 allele results in dysregulated EGFP expression (33) , so chimeric mice were crossed with transgenic Cre-deleter mice to remove the neomycin gene from all cells early in development. Heterozygous mice lacking neomycin were intercrossed to produce mice of all three genotypes.
By RT-PCR analysis, SPI3 is found present in a wide range of cells and tissues ( Fig. 2A) . To demonstrate a SPI3 null mutation, RNA from the brains of wild-type and SPI3-deficient mice was compared. Figure 2B shows a product of the correct size in wild-type samples, whereas no product was amplified from the brains of SPI3-deficient mice. Immunoblotting of protein samples isolated from the tissues of wild-type, heterozygous, and SPI3-deficient mice showed that the 42-kDa SPI3 protein is present in wild-type and heterozygous mice but not in SPI3-deficient mice (Fig. 2C) . The 27-kDa EGFP was also evident in these tissues in heterozygous and knockout mice but not in wild-type animals.
By immunoblotting and immunohistochemical analysis, EGFP expression also correlated with SPI3 expression in the heart, lung, stomach, small and large intestines, kidney, liver, and skin (data not shown). As shown in Fig. 3 , flow cytometry demonstrated the highest levels of EGFP in granulocytes (Mac ϩ /Gr ϩ ) from blood and bone marrow. Lower levels of EGFP were observed in blood monocytes (Mac ϩ /Gr Ϫ ) and splenic macrophages. Lower levels of EGFP were also evident in T and B cells in the central and peripheral lymphoid organs of SPI3-deficient mice. Overall, this pattern is consistent with the expression of PI-6 in human blood cells, which is found in low levels in lymphocytes and in higher levels in granulocytes and monocytes (18, 37) .
Viability, growth, and fertility of SPI3-deficient mice. Intercrossing of heterozygous mice generated a 40:78:35 Mendelian ratio of wild-type (ϩ/ϩ) to heterozygous (ϩ/Ϫ) to homozygous (Ϫ/Ϫ) mice. SPI3-deficient mice were physically indistinguishable from their wild-type and heterozygous littermates, and both sexes were fertile and produced normal litter sizes. No increase in morbidity or mortality of the SPI3-deficient mice was observed up to 24 months of age, and histopathological analysis of various organs uncovered no obvious defects. We conclude that SPI3 is not required for the normal growth, development, and fecundity of mice.
Response to cerebral ischemia. PI-6 and SPI3 are efficient inhibitors of neuropsin/kallikrein 8. SPI3 is coexpressed with neuropsin in various regions of the brain, particularly in neurons of the hippocampus (25) , and its expression is up-regulated during ischemia (31) . Other serpins also expressed in the rodent brain have been shown to protect neurons from damage induced by stroke (8, 42) . To determine whether SPI3 is re- quired to protect neurons from damage during ischemia, stroke was induced in SPI3-deficient mice by midcerebral artery occlusion. Twenty-four hours after surgery, the mice were killed, and the brains were examined to determine the volume of the infarct. There were no differences observed in the infarct volumes in the SPI3-deficient mice and wild-type mice (mean ϭ 43 Ϯ 9 mm 3 for knockout mice [n ϭ 6]; mean ϭ 39 Ϯ 4 mm 3 for wild-type mice [n ϭ 9]). This suggests that SPI3 does not protect neurons from the effects of ischemia. Development of cells of the immune system. Proteases such as elastase, proteinase 3, and cathepsin G are synthesized early in granulocyte maturation and have been implicated in the differentiation and mobilization of these cells (1, 27) . Because PI-6 and SPI3 are cathepsin G inhibitors, we postulated that uncontrolled cathepsin G in SPI3-deficient mice may influence myeloid cell (or other leukocyte) differentiation or maturation.
Cells in the lymph node, spleen, bone marrow, and thymus from five mice of each genotype were analyzed by flow cytometry. As shown in Table 2 , there were no differences in the numbers or proportions of CD4 ϩ T cells, CD8 ϩ T cells, B cells, macrophages, or granulocytes in any organ, comparing those of wild-type mice to those of SPI3-deficient mice. Full blood examinations were performed on six wild-type and six SPI3-deficient mice, and no significant differences were observed in any of the parameters measured (Table 3) . Manual differential white blood cell counts on blood smears also did not demonstrate any perturbations in the number and morphology of blood cells or platelets in the SPI3-deficient mice (data not shown).
Leukocyte recruitment to the peritoneal cavity. Cathepsin G is a granulocyte chemoattractant (7). To determine whether the lack of SPI3 affects recruitment of these cells into the peritoneal cavity during inflammation, wild-type and SPI3-deficient mice were injected with thioglycolate and killed either after 4 h to examine neutrophils or after 72 h to examine macrophages. As indicated by flow cytometry, there was no difference between wild-type and SPI3-deficient mice in the number (Fig. 4A) or type (Fig. 4C ) of cells recruited to the peritoneal cavity or in the number of resident macrophages in noninjected mice.
To use a more physiological stimulus for leukocyte recruitment, mice were injected with culture filtrate from C. albicans, which has been shown to contain chemoattractants for polymorphonuclear leukocytes (16) . The mice were killed 4 h later, and the peritoneal cells were analyzed as described above. There was no difference in the number of cells harvested from the peritoneal cavities of wild-type and SPI3-deficient mice (Fig. 4B ) after culture filtrate injection nor was there any difference in the proportion of neutrophils recovered. However, the proportion of neutrophils elicited with yeast culture filtrate was generally lower than when mice were injected with thioglycolate, as 30 to 50% of peritoneal cells were Mac ϩ /Gr ϩ 4 h after injection of culture filtrate compared to almost 100% of cells recovered 4 h after thioglycolate injection (data not shown).
In vitro killing of C. albicans. To examine whether lack of SPI3 affects neutrophil function, peritoneal neutrophils elicited with C. albicans culture filtrate from six wild-type and six SPI3-deficient mice were tested for their ability to kill either the blastoconidial or hyphal form of C. albicans in vitro. The hyphal form is the more virulent form of C. albicans (12) . As shown in Fig. 5A , there was a consistent trend towards reduced killing of both blastoconidia and hyphae by neutrophils from SPI3-deficient mice (P ϭ 0.11 for blastoconidia; P ϭ 0.13 for hyphae [two-tail t test]). This suggests that neutrophils lacking the cytoprotective serpin SPI3 are not as robust when producing antimicrobial proteases during an immune response.
Response to systemic C. albicans infection. Resolution of C. albicans infection depends mainly on neutrophils and macrophages without generation of an adaptive immune response (22, 26, 29, 32) . Lack of control of cathespin G by SPI3 in this context may result in premature phagocyte death and decreased killing potency. To determine whether the lack of SPI3 in neutrophils and macrophages has any affect on the ability of the leukocytes to clear Candida, 10 wild-type and 9 SPI3-deficient mice were injected intravenously with C. albicans and monitored over 3 weeks. There was no difference in the sur- vival rates of the wild-type and knockout mice, with 40% of wild-type mice and 33% of SPI3-deficient mice dying by day 3. The remaining mice survived for 3 weeks after infection, and there was no statistically significant difference (Mann-Whitney test) in the average Candida load for all organs of the wild-type and SPI3-deficient mice (Fig. 5B) , suggesting that the lack of SPI3 in neutrophils and macrophages does not impair the clearance of the yeast C. albicans. Compensation by other serpins. One explanation for the lack of susceptibility of SPI3-deficient mice to stroke or Candida infection is that other protease inhibitors can functionally substitute for SPI3 to protect against excess proteolysis during stress. Probing tissue blots with the pan-serpin monoclonal antibody 1F3 indicated that another serpin is up-regulated in the tissues of SPI3-deficient mice (data not shown). EIA is the ortholog of human monocyte/neutrophil elastase inhibitor and probably has protease targets similar to those of SPI3 (2) . To determine whether EIA is up-regulated in SPI3-deficient mice, tissue from wild-type, heterozygous, and SPI3-deficient mice was probed with a rabbit serum specific for EIA. As shown in Fig. 6 , there was a significant increase in EIA in the spleen, marrow, stomach, lungs, and kidneys of heterozygous and SPI3-deficient mice compared to that in wild-type mice. By densitometry, the largest increases were observed in the spleen (ϳ10-fold) and marrow (ϳ4-fold). EIA was not up-regulated in the liver and was not evident in the thymus, brain, heart, and skin of either wild-type or knockout mice (data not shown).
These results indicate that EIA levels are increased in SPI3-deficient mice to compensate for the loss of SPI3. either by leaking from storage compartments or by endocytosis. For example, PI-9 protects cells from apoptosis induced by the cytotoxic protease granzyme B (4). PI-6 probably performs a similar function in granulocytes and macrophages to protect against cathepsin G (37) and in neurons to protect against neuropsin (24) . As shown here, SPI3-deficient mice display no overt phenotype, possibly due to compensation by the related serpin, EIA (Serpinb1). EIA is the ortholog of human MNEI, which has an inhibitory and expression profile that overlaps with that of PI-6. Both serpins are found in myeloid cells, platelets, and epithelia, and both inhibit cathepsin G. Furthermore, it has recently been shown that EIA can interact with the neutrophil granule proteases elastase, cathepsin G, and proteinase 3 (2) . The phenotype of the SPI3-deficient mice is therefore consistent with human PI-6 and MNEI forming part of an intracellular protease-regulating system in myeloid (and possibly other) cells. Functional redundancy of PI-6 and MNEI implies that the system is physiologically important and may also explain why naturally occurring PI-6 and MNEI mutants have not been discovered.
The mechanism underlying the increase in EIA levels is currently unclear. Given the large numbers and short life span of granulocytes, and assuming that (i) loss of SPI3 reduces cell viability, (ii) above-average levels of EIA can compensate for loss of SPI3, and (iii) EIA expression in these cells follows a normal distribution, it is possible that a subpopulation of granulocytes at the upper end of EIA expression is selected in SPI3 ϩ/Ϫ and SPI3 Ϫ/Ϫ mice. This mechanism might also operate in other leukocytes and epithelia that normally coexpress EIA and SPI3.
Alternatively, it might be argued that loss of SPI3 stresses the cell and that transcription of EIA increases in response to stress. In support of this idea, the 5Ј flanking region of the human MNEI gene contains an NF-B binding site important for up-regulating MNEI expression in response to inflammatory stimuli (43) , and recent studies have shown that NF-B also functions as a central regulator of stress responses (28) . Examination of the sequence of the 5Ј flanking region of the EIA gene with the Alibaba2 program (http://www.gene-regulation.com/pub/programs/alibaba2/intro.html) reveals the presence of at least two potential NF-B binding sites (D. Kaiserman and P. Bird, unpublished observations). However, it remains to be experimentally verified that these sites participate in the regulation of the mouse EIA.
Although SPI3 is expressed in mouse brain (25) , is up-regulated during transient focal ischemia (31) , and is known to regulate the neuronal protease neuropsin (24), SPI3-deficient mice do not exhibit increased infarct size in response to stroke. This suggests that SPI3 is not involved in regulating proteases activated during ischemic injury and that other serpins, such as neuroserpin, may be more important for this function. Indeed, it has been shown that intracerebral administration of neuroserpin after induction of stroke in rats significantly reduces infarct volume (42) , and transgenic mice overexpressing neuroserpin in the central nervous system also displayed smaller infarcts after midcerebral artery occlusion (8) .
In conclusion, the lack of an overt phenotype in SPI3-deficient mice is probably due to compensation by EIA, and it will be necessary to create animals that lack both SPI3 and EIA to FIG. 4 . Recruitment of cells to the peritoneal cavity. Wild-type (ϩ/ϩ) and SPI3-deficient (Ϫ/Ϫ) mice were injected intraperitoneally with either (A) thioglycolate (TG) (n ϭ 11 to 20 for each genotype) or (B) C. albicans culture filtrate (YF) (n ϭ 7 for each genotype) and were killed 4 or 72 h later, and the contents of the peritoneal cavity were harvested and counted. Peritoneal cells from noninjected mice (no thioglycolate) were also evaluated (n ϭ 9 to 16 for each genotype). Results represent the mean Ϯ one standard deviation. (C) Peritoneal cells were stained with antibodies to Mac-1 and Gr-1 and analyzed by flow cytometry to determine the cell types elicited. 6 CFU of C. albicans and killed 3 weeks later, and the yeast load in the liver, lungs, spleen, and kidneys was determined. Yeast load is expressed as CFU/mg of tissue, each symbol represents data from one mouse, and the bar represents the mean for each group (n ϭ 6 for each genotype).
FIG. 6. Up-regulation of EIA in SPI3-deficient mice. Immunoblots of protein from tissues of wild type (ϩ/ϩ), heterozygous (ϩ/Ϫ), and SPI3-deficient (Ϫ/Ϫ) mice were probed with a rabbit anti-elastase inhibitor serum (EIA) followed by either a goat anti-human actin antibody or a mouse anti-cytochrome c antibody.
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